We successfully isolated one microorganism (UMI-21) from Ulva, a green algae that 2 contains starch. The strain UMI-21 can produce polyhydroxyalkanoate (PHA) from starch, 3 maltotriose, or maltose as a sole carbon source. Taxonomic studies and 16S rDNA sequence analysis 4 revealed that strain UMI-21 was phylogenetically related to species of the genus Massilia. The PHA 5 content under the cultivation condition using a 10-L jar fermenter was 45.5% (w/w). This value was 6
INTRODUCTION
in 5 mL of NR medium at 30°C for 24 h. The cultures were inoculated into 100 mL of 1 nitrogen-limited MS medium containing a carbon source (2% [w/v]) in 500-mL Erlenmeyer flasks 2 with baffles, and then incubated at 30°C with shaking at 150 rpm for 72 h. Corn starch, soluble starch, 3 glucose, maltose, and, maltotriose were used as carbon sources. Bacterial cells were collected by 4 centrifugation. The collected bacterial cells were washed twice with distilled water, and then 5 lyophilized. Polymer was extracted from the dried microbial cell bodies by using a Soxhlet extractor 6 with chloroform as a solvent, and then precipitated by the addition of methanol after the solvent was 7 removed with an evaporator. The cell dry weights, PHA yields, and PHA contents were described as 8 average values of three independent samples with standard deviations. 9
To evaluate the possibility of using UMI-21 for the large-scale production of PHA from 10 starch, the bacterium was cultivated in a 10-L jar fermenter (BMS-10NP3; ABLE & Biott Co., Ltd., 11
Tokyo, Japan). First, UMI-21 was cultured in 250 mL of NR medium at 30°C for 24 h. Then, the 12 starter culture was inoculated into 5 L of MSM medium containing 5% (w/v) soluble starch in a 10-L 13 jar fermenter and incubated at 30°C with shaking at 150 rpm for 72 h. The carbon source 14 concentration and C/N ratio in the MSM medium for jar fermenter experiment was increased to 15 improve the cell growth and PHA content. The product was prepared as described above.
Polymer composition and accumulation were analyzed with the GC-2010 capillary GC 1 system (Shimadzu Co., Kyoto, Japan) equipped with a flame ionization detector and a Zebron ZB-1 2 GC capillary column (0.25 mm i.d. × 30 m; Phenomenex, Inc., CA, USA). A sample was prepared as 3 follows: approximately 10 mg of polymer or 50 mg of dried microbial cell was treated with a solution 4 containing 1.7 ml of methanol, 0.3 ml of sulfuric acid and 2.0 ml of chloroform at 100°C for 3 h to 5 convert the constituents to their methyl esters. One milliliter of water was added to the reaction 6 mixture, and then, the lower chloroform layer was used for GC analysis. 7
The 1 H-NMR spectra of the polymers were obtained in deuterated chloroform (CDCl 3 ) 8 using a Bruker MSL400 spectrometer (400 MHz) at a 90° pulse with a 4-ms, 3000-Hz spectral width 9 and a 4-s repetition rate. The chemical shifts were reported in ppm with tetramethylsilane as the 10 internal reference. 11
The molecular weights of the obtained polymers were determined by using a 12 gel-permeation chromatography (GPC) system (Shimadzu Corporation, Kyoto, Japan) equipped with 13 tandem TSKgel Super HZM-H columns (6.0 mm i.d. × 150 mm; Tosoh Corporation, Tokyo, Japan) 14 at 40°C. Chloroform was used as an eluate, and the calibration was performed using polystyrene 15 samples as standards. 16
Cloning and sequencing of the pha locus from UMI-21 Two primers, phaCF1_FW 17
and phaCR4_RV 18 (5′-AGGTAGTTGT(T/C)GAC(C/G)(A/C)(A/C)(G/A)TAG(T/G)TCCA-3′), were used to obtain a 19 partial DNA fragment of the PHA synthase gene from UMI-21 (11). DNA was amplified by PCR 20 using UMI-21 genomic DNA as a template and KOD FX polymerase (Toyobo Co., Ltd., Osaka, 21 Japan). The reaction conditions consisted of an initial 2-min denaturation step at 94°C, followed by 22 35 cycles of 98°C for 10 s, 50°C for 30 s, and 68°C for 1 min, with a final elongation step of 68°C for 23 1 Japan). The nucleotide sequence of the fragment was determined with the ABI PRISM 3100 Genetic 2 Analyzer. The upper (5'-region of phaC gene) and lower (3'-region of phaC and whole phaR genes) 3 regions of the amplified 500-bp DNA fragment were cloned with the Takara LA PCR™ in vitro 4
Cloning Kit (Takara Bio, Inc.) using cassettes and cassette-primers method. 5
RESULTS 6
Phenotypic and phylogenetic characterization of a bacterium producing PHA To obtain bacteria 7 capable of producing PHA from a seaweed Ulva, we first performed enrichment cultivation in MS 8 medium containing starch as a carbon source. Ulva, a seaweed collected from the coast, was used as a 9 source of PHA-producing bacteria. The culture solution was spread onto an MS plate containing 1% 10 (w/v) starch, and then incubated at 30°C for 72 h. The amount and monomer composition of the PHA 11 accumulated in the bacterial cells were determined by GC analysis. As a result, we found a bacterium 12 that could produce P(3HB) from starch and named the bacterium UMI-21. 13
We analyzed the microbiological properties of strain UMI-21, and found that strain 14 UMI-21 is an aerobic, gram-negative, motile, non-spore-forming, rod-shaped bacillus (0.8-1.0 15 × 1.5-2.0 µm). The strain was able to grow at temperatures of up to 30°C and at pH 5. Analysis of the 16S rDNA sequence using BLAST indicated that strain UMI-21 belongs to 22 the genus Massilia and that the closest phylogenetic neighbors of UMI-21 are Massilia alkalitolerans 23 weights and polydispersities were 7.6-9.5 × 10 5 and 2.6-2.9, respectively, and they were comparable 1 to each other. 2
Polyhydroxyalkanoate production using a jar fermenter To evaluate the possibility of using 3 UMI-21 for the large-scale production of PHA from starch, the bacterium was cultivated in a 10-L jar 4 fermenter. The result of the 1 H-NMR analysis suggested that the polymer produced by the cultivation 5 of UMI-21 using a jar fermenter was P(3HB). The total biomass (cell dry weight) and PHA content 6 were 8.29 g·L -1 and 45.5% (w/w), respectively. These values were higher than those obtained after 7 cultivation in a flask, suggesting the possibility of large-scale PHA production by UMI-21 from 8 starch. 9
Cloning and sequencing of DNA fragments containing the PHA synthase gene (phaC) The PHA 10 synthesis genes of these bacteria have not yet been identified, though PHA production from starch by 11
Massilia species has been reported (19). We attempted to clone the PHA synthesis genes of UMI-21 12 as follows. First, approximately 500-bp DNA fragment was amplified by PCR using primers 13 phaCF1_FW and phaCR4_RV, which were designed based on the consensus sequence of phaC (11). 14 The nucleotide sequence of the fragment was determined with the ABI PRISM 3100 Genetic 15
Analyzer and was subjected to BLAST analysis. The BLAST results indicated that the fragment was 16 a part of a PHA synthase gene. The Takara LA PCR™ in vitro Cloning Kit was used to clone a gene 17 fragment containing the whole phaC gene and surrounding regions. Finally, a 3.7-kbp DNA fragment 18 containing the whole phaC gene was obtained (Fig. 3) . The nucleotide sequence of the fragment was 19 determined by primer walking (Fig. 3) . The results of open reading frame (ORF) analysis suggested 20 that the DNA fragment contained two ORFs, which were composed of 1,740 and 564 bp (DDBJ 21 accession no. AB823089). For phaC gene, the putative promoter regions are underlined and the 22 putative ribosomal binding site is boxed (Fig. 3-b) . 23 A database search with the ORFs using Protein BLAST showed that the ORFs shared 1 sequence similarity with PhaC and PhaR (Table 2) . PHA synthases are divided into four classes 2 (classes I to IV) based on their activities toward substrates with different carbon chain lengths and 3 their subunit compositions (4). The deduced amino acid sequence of PhaC from strain UMI-21 shared 4 high similarity with PhaC from R. eutropha, which is a representative PHA-producing bacterium with 5 a class I PHA synthase (Table 2 ). 6 strains could produce PHA, and higher PHA productivity was achieved when starch was used as the 7 carbon source in the growth medium instead of glucose (19). These results are identical to those we 8 observed in our experiment with UMI-21. In general, bacteria incorporate monosaccharides and/or 9 oligosaccharides generated by hydrolysis with starch-hydrolysing enzymes such as amylase and 10 gluco-amylase because starch is a high molecular weight polymer composed of glucose. 11
Interestingly, more PHA was obtained when starch was used as a carbon source. Therefore, to 12 estimate the mechanism underlying the assimilation of starch in strain UMI-21, we measured PHA 13 production from glucose, maltose, and maltotriose. When maltose or maltotriose was used as a carbon 14 source, PHA content increased up to 40% (w/w), suggesting that oligosaccharides are preferably 15 ingested by the bacterium. In contrast, since cells did not grow primarily when glucose was used as a 16 carbon source (Table 1) , glucose was not ingested by the bacterium. In Saccharomyces cerevisiae, thethe uptake of maltose and maltotriose by the cells. A transporter specific for cyclodextrins (CDs), 19 which are produced from maltodextrins by CD-glucanotransferases (CGTases), has been reported for 20 bacteria such as Klebsiella oxytoca (22,23). Although the detailed metabolic mechanism of starch 21 hydrolysis in strain UMI-21 is yet unknown, UMI-21 may have an uptake mechanism for maltose and 22 maltotriose. Since glucose is a common carbon source for most microorganisms, these unique 23 substrate-uptake mechanisms for starch metabolism could be a strategy of winning competitors. 1
Further studies are needed to determine the unique metabolic system for starch utilization in UMI-21. 2
The nucleotide sequence of more than 50 PHA synthase genes from a wide variety of 3 bacteria has been determined. PHA synthases are classified into four classes according to their 4 primary structures deduced from these sequences, substrate specificities, and subunit composition (4). 5
Class I and class II PHA synthases comprise enzymes consisting of only one type of subunit (PhaC). 6
Class III PHA synthases comprise enzymes consisting of two different types of subunits, PhaC and 7
PhaE. Class IV PHA synthases comprise enzymes consisting of two different types of subunits. Based 8 on the result that strain UMI-21 produced P(3HB) and the deduced amino acid sequence of PhaC 9 shared similarity with PhaC from R. eutropha, which is a representative PHA-producing bacterium 10 with a class I PHA synthase, we concluded that UMI-21 PhaC belonged to class I. 11 PHA synthase genes and other genes related to the metabolism of PHA are often clustered 12 in bacterial genomes. In R. eutropha, the genes encoding the class I PHA synthase (phaC), Thus far, mainly land biomass has been used as a source for material production by bacteria. 2 For PHA production, starch from plants was widely used as a carbon source (27−32). Although 3 seaweed is eaten as a food, inedible seaweed also exists in large quantities. In addition, seaweeds 4 contain various kinds of polysaccharides such as alginic acid, starch, and others; therefore, seaweed is 5 a very attractive carbon source for material production by bacteria. We isolated a novel bacterium 6 from a green algae (Ulva) in order to produce PHA from seaweeds containing polysaccharides such 7 as starch. The isolated bacterium, strain UMI-21, can produce PHA by using a high molecular-weight 8 starch as a carbon source and may have the ability to utilize other polysaccharides in addition to 9 starch. Although further examination is needed to realise large scale PHA production using seaweed 10 as a carbon source, detailed analyses of the assimilation mechanism for starch and other 11 polysaccharides in strain UMI-21 could contribute to the low-cost production of PHA from seaweed. Phylogenetic tree of strain UMI-21 and related microorganisms. The tree is based on an 3 alignment of the 16S rDNA genes of UMI-21 and type strains in the genera Massilia (14 4 strains), Janthinobacterium (2 strains), and Oxalobacter (1 strain). 5
Fig. 2
1 H-NMR spectrum of the polymer produced by UMI-21 from corn starch. 6 The portions of the PHA synthases thought to comprise the catalytic domain, including 14 the putative catalytic triad (C-D-H), are shown. 15 Table 1 Cell dry weights (CDWs), PHA yields, molecular weights, polydispersities, PHA 
